This paper will introduce the torsional vibration test method and signal analysis for a harmonic reducer in industrial robot. The harmonic reducer is generally applied to the fifth and sixth axes of the industrial robots, and the torsional vibration will affect the mechanical performance. To understand the torsional vibration condition of the harmonic reducer, the test device is set up through loading the corresponding moment of inertia. In the study, the curve of torsional characteristic is obtained, and it can be used to assess the mechanical performance; Using zoom spectrum technology on harmonic resonance, the characteristic frequency is identified in detail. The manufacturing defect of the harmonic reducer is diagnosed based on characteristic frequencies of its transmission, and defect elimination is successfully realized by adjustment of components in the harmonic driver; Some nonlinear vibration characteristics caused by stiffness with time periodic dependent, including bi-spectrum and harmonic resonance, etc., are investigated. The experimental results show that the test and analysis of torsional vibration have positive significance for the online quality assembly assurance of harmonic reducer.
Introduction
Under the action of the wave generator, the flexible pinion of the harmonic reducer continuously meshes with the rigid gear to realize the less-tooth power transmission [1] . It has advantages of small size and large transmission ratio, so it is widely used in various types of robot end joints. Henri Champliaud et al. believe that torsional stiffness is a key factor in the positioning accuracy and control of harmonic drive. They established the finite element model to find the stiffness of the wave generator has a significant impact on torsional stiffness in the harmonic driver under different torque loads, and the stiffness of the flexible wheel has different effects on the torsional stiffness [2] . M. Masoumi, H. Alimohammadi et al. used the shell theory to derive the vibration equations of the flexible wheel and the rigid wheel in the harmonic drive system, calculated the vibration response of the system in the moving condition, and studied the influence of the tooth profile and assembly eccentricity of the flexible wheel on harmonic drive system [3] .
In this paper, according to the load of the harmonic reducer on the fifth axis of the industrial robot, the asymmetric inertia load of the harmonic reducer is used in the torsional vibration test [4, 5] . Meanwhile, signal processing and identification for torsional vibration are carried out.
Torsional vibration test

Test device
The 3D model of the 6 kg welding robot is shown in Fig. 1 , where the fifth and sixth axis joints are all driven by harmonic reducers. The harmonic reducer in the fifth axis joint is subjected to an eccentric inertial load in the end. To simulate the actual working condition of the industrial robot, the equivalent moment of inertia is developed, and the torsional vibration test is performed on the harmonic reducer.
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The end other than the fifth axis is divided into two parts, the welding torch and the end joint structure , and their moments of inertia to the fifth axis joint center line I can be calculated respectively. Then the moment of inertia of the end to the fifth axis joint is:
where and are the masses of and , and and are the distances from the center of mass to the center line of the fifth axis.
According to the moment of inertia P, the corresponding equivalent load arm is developed, and it is fixed to the output of harmonic driver. As shown in Fig. 3 , it is a torsional vibration test device of harmonic reducer. The input end of the harmonic reducer is connected with a servo motor with adjustable speed. The wireless acceleration sensor is placed 0.55 m away from the center of rotation of the motor shaft. The circumferential vibration acceleration of the harmonic reducer is picked up, and it is used to reflect the torsional vibration acceleration or smoothness of rotation in practice. 
Measurement
The physical picture of the torsional vibration test device of harmonic reducer is shown in Fig. 4 . The test sample is a SHG-20-80 harmonic reducer with transmission ratio = 80. Referring to the working condition of industrial robot, the rotation speed of the motor is set from 300 rpm to 3000 rpm at an interval of 100 rpm, and the time history of torsional vibration corresponding to each speed is recorded. Fig. 5(a) is the time history of the torsional vibration acceleration, and Fig. 5 (b) is a corresponding spectrum of it. It can be clearly observed that the torsional vibration components are mainly distributed in the low frequency band, and the components of the high frequency band correspond to the gear meshing frequency of the harmonic reducer. Since the high frequency components contribute a little to the vibration displacement [6, 7] , the investigation focuses on the low frequency components of vibration.
In engineering practice, the curve of vibration acceleration RMS value with speed and the curve of displacement RMS value with speed are used to evaluate the torsional vibration characteristics of a harmonic reducer [8] . They can intuitively reflect the vibration dynamic performance of the harmonic reducer. Fig. 6 shows the curve of vibration acceleration RMS value with speed and the curve of vibration displacement RMS value with speed. There are two peaks at the speed of 1100 rpm and 2200 rpm. Due to the peaks existing in the curve of torsional vibration characteristic, the vibration strength will be over large in application of industrial robot. Therefore, it is necessary to diagnose the defect source for harmonic reducer using the signal characteristics of torsional vibration. 
Spectral feature
Harmonic drive is a gear drive with less-tooth difference. The number of teeth of the rigid gear is two more than that of the flexible pinion. When the cam rotates a turn, the flexible pinion rotates one turn and the two teeth. Assume that the number of teeth of the flexible pinion is , the cam rotates one revolution , and the corresponding frequency is = 1/ . Then, the rotation frequency of the flexible pinion is = 1/( − 2 ⁄ ), and the rotation frequency of the rigid gear is = 1/ . Thus, the value of is close to . According to the transmission principle of the harmonic reducer, the formula of characteristic frequency is listed in Table 1 , and the detailed characteristic frequencies are given when the cam runs at speed of 1100 rpm.
Since the characteristic frequency of the rigid gear is very similar to that of the flexible pinion, the spectral feature will be bi-spectrum. At the rotation speed of 1100 rpm, the frequency difference is 0.5 Hz, which produces a significant beat, as shown in Fig. 7(a) . The vibration phenomenon of beat is caused by the inherent structure of teeth difference between the flexible pinion and the rigid gear.
To clearly observe the phenomenon of bi-spectrum, the first and second order frequency components are zoomed on the frequency coordinates. Then, a double peak can be seen in the zoom spectrum as shown in Figs. 8(a) and (b) . In the bi-spectrum, the left peak is caused by the cumulative error of the rigid gear tooth and the cam profile error, and the right peak is caused by the accumulation error of the flexible pinion tooth or the eccentricity in driving shaft. Base on this property, defect diagnosing can be carried out for harmonic driver. 
Defect elimination
As shown in Fig. 6 , the vibration magnitude of the harmonic reducer is abnormal when the input shaft speed is at 1100 rpm and 2200 rpm. Meanwhile, observe that the right peak is higher than the left one in the first order zoom spectrum as shown in Fig. 7 . Therefore, the dominant vibration may be caused by the eccentricity of driving components or the corresponding assembly problems based on the characteristic frequencies in Table 1 .
In the study, the misalignment in the drive shaft is reduced by improving the design of the assembly structure. The torsional vibration spectrums before and after adjusting process are shown in Fig. 9 . At the rotation speed of 1100 rpm, the peak of the dominant component is reduced by about 30 % after the adjustment. It means that the peak of harmonic resonance is reduced and DEFECT ELIMINATION IN TORSIONAL HARMONIC REDUCER BASED ON HARMONIC RESONANCE. DISHAN HUANG, PENG ZONG, JINGJUN GU 10 VIBROENGINEERING PROCEDIA. OCTOBER 2019, VOLUME 28 defect elimination is successfully realized. As a result, the magnitude of torsional vibration is significantly reduced. Compared with the curve before adjustment as shown in Fig. 6 , the curve of torsional vibration characteristic after adjustment as shown in Fig. 10 has been significantly improved. a) Before adjustment b) After adjustment Fig. 9 . Torsional spectrum before and after adjustment at the rotation speed of 1100 rpm 
Harmonic resonance
Due to the cumulative error of the rigid gear and the flexible pinion in the gear manufacturing process, the torsional stiffness changes periodically with the transmission angle in the harmonic reducer. Therefore, the parameter torsional vibration will occur when the harmonic driver runs. Parametric vibration is a kind of nonlinear phenomenon. In the practice, typical parametric vibration characteristics, such as harmonic resonance and quasi-period, are found in the vibration spectrum and the phase space. Fig. 11 are corresponding to spectrograms of sixth-order resonance (500 rpm), fourth-order resonance (800 rpm) when harmonic reducer runs, respectively. The phenomenon of harmonic resonance can be obviously seen. a) Six-order harmonic resonance at the speed of 500 rpm b) Fourth-order harmonic resonance at the speed of 800 rpm 1 1 
Conclusions
The torsional vibration test is carried out on a harmonic reducer in industrial robot with asymmetrical inertia. Some advantages are summarized as follows:
1) The curve of torsional characteristic is easily measured, and it can be used to assess the mechanical dynamic performance of a harmonic driver.
2) If abnormal case occurs in the curve of torsional characteristic, using zoom spectrum technology on harmonic resonance, bi-spectrum will be analyzed in detail and the characteristic frequency will be identified with higher resolution. The manufacturing defect can be diagnosed, and it can be effectively eliminated through adjustment process for components of the harmonic driver. The given technology can be used in on-line quality assurance for product of harmonic driver.
3) If torsional stiffness with time periodic dependent occurs in the harmonic driver, some nonlinear phenomenon, such as bi-spectrum, harmonic resonance in the spectrum and property of quasi-periodic in phase space, can be observed from the measured result.
